Cancer cells are characterized by a generalized disruption of the DNA methylation pattern involving an overall decrease in the level of 5-methylcytosine together with regional hypermethylation of particular CpG islands. The extent of both DNA hypomethylation and hypermethylation in the tumor cell is likely to reflect distinctive biological and clinical features, although no studies have addressed its concurrent analysis until now. DNA methylation profiles in sporadic colorectal carcinomas, synchronous adenoma -carcinoma pairs and their matching normal mucosa were analyzed by using the amplification of inter-methylated sites (AIMS) method. A total of 208 AIMS generated sequences were tagged and evaluated for differential methylation. Global indices of hypermethylation and hypomethylation were calculated. All tumors displayed altered patterns of DNA methylation in reference to normal tissue. On average, 24% of the tagged sequences were differentially methylated in the tumor in regard to the normal pair with an overall prevalence of hypomethylations to hypermethylations. Carcinomas exhibited higher levels of hypermethylation than did adenomas but similar levels of hypomethylation. Indices of hypomethylation and hypermethylation showed independent correlations with patient's sex, tumor staging and specific gene hypermethylation. Hierarchical cluster analysis revealed two main patterns of DNA methylation that were associated to particular mutational spectra in the K-ras and the p53 genes and alternative correlates of hypomethylation and hypermethylation with survival. We conclude that DNA hypermethylation and hypomethylation are independent processes and appear to play different roles in colorectal tumor progression. Subgroups of colorectal tumors show specific genetic and epigenetic signatures and display distinctive correlates with overall survival.
INTRODUCTION
Colorectal cancer is one of the best-studied systems of multistage human carcinogenesis. Epigenetic modification of DNA in the form of hypomethylation was included in early Vogelstein's tumor progression model together with a series of genetic alterations (1) . DNA methylation is a postreplication modification predominantly found in cytosines of the dinucleotide CpG that is infrarepresented throughout the genome except at small regions named CpG islands (2) . The pattern of DNA methylation in a given cell appears to be associated with the stability of gene expression states (3) .
The biological significance of DNA hypomethylation, an early and common feature in colorectal cancer (4) , is poorly understood (5) . A relationship between global hypomethylation and genetic instability has been postulated (5, 6) . More recently, the attention of investigators has shifted to the study of cancerassociated regional hypermethylation at specific CpG islands and its association to transcriptional silencing (7, 8) and loss of imprinting (9) . Inspite of the large number of studies that have investigated cancer-associated hypermethylation in selected CpG islands, the obtention of global estimates of genome hypermethylation has been seldomly addressed (3, 10, 11) .
Therefore, the roles of cumulated hypermethylation and hypomethylation in colorectal cancer progression and outcome are still unknown. By application of a methylome fingerprinting technique (amplification of inter-methylated sites, AIMS) (12), we have obtained information on the methylation status of more than 200 selected sequences in a Human Molecular Genetics, Vol. 14, No. 2 # Oxford University Press 2005; all rights reserved *To whom correspondence should be addressed at: IDIBELL-Institut de Recerca Oncològica, Hospital Duran i Reynals, Granvia km 2.7, 08907 L'Hospitalet, Barcelona, Spain. Tel: þ34 932607464; Fax: þ34 932607466; Email: mpeinado@iro.es
series of colorectal carcinomas collected in a prospective design. We have also analyzed 11 adenomas synchronous to carcinomas of the former series. AIMS bands represent unique short DNA sequences (up to 1 kb long) flanked by two methylated SmaI sites (CCCGGG). Lack of methylation at either site will prevent amplification of the band. The AIMS generated sequences that can be tagged, isolated and individually characterized (12 -14) . Global estimates of hypermethylation and hypomethylation in the tumor in regard to the paired normal tissue have been used to investigate the possible association of DNA methylation profiles with genetic and clinicopathological parameters. Our results unveil different roles for hypermethylation and hypomethylation in colorectal cancer progression and clinical behavior.
RESULTS

Selection of samples and AIMS bands
A total of 93 carcinomas and 11 adenomas with their paired normal tissues produced reproducible and consistent AIMS fingerprints and were included in the analysis of DNA methylation indices. Five additional cases showed inconsistent results in one or more AIMS experiments and were not considered for analysis. Most failures could be attributed to genomic DNA degradation.
DNA methylation profiles were obtained in three AIMS experiments performed with different sets of primers. On the basis of band display consistency (see Materials and Methods), 208 sequences were tagged and considered for analysis (set A: 77 bands, set B: 62 bands and set C: 69 bands). An illustrative example is shown in Figure 1 . Differential display of certain bands was observed among normal tissues, indicating the polymorphic nature of their representation. Eighty-four tagged bands (40%) were present in all normal tissues and therefore considered as non-polymorphic. Sixty-four bands were low polymorphic (31%) and 60 (29%) were high polymorphic (see Materials and Methods). Because it has been noted that DNA methylation in normal tissues may be related to aging (15) , we investigated the possible association of apparent polymorphisms with age. Fifteen of the high polymorphic sequences exhibited age-related display (14 were lost and one gained associated to aging) and were excluded from the analysis. At the end, 193 tagged bands were scored for differential display between normal and tumor tissues, allowing the calculation of indices of hypermethylation (increase in the intensity of the band) and hypomethylation (decrease in the intensity of the band) in each tumor in relation to its paired normal tissue.
Tagged bands behavior
On average, a given tagged band was informative in 88+5 (range 72-93) normal -tumor pairs. All tagged bands showed differential DNA methylation in at least one tumor when compared with normal tissue and showed a wide distribution of the hypermethylation/hypomethylation ratios ( Fig. 2A) . Almost half of the tagged bands (46%) underwent more hypomethylations than hypermethylations (.2-fold), whereas only 16% of the tagged bands showed the opposite behavior. Hypermethylation and hypomethylation showed a negative correlation (r ¼ 20.196 and P ¼ 0.006), indicating that most bands tended to be either hypermethylated or hypomethylated ( Fig. 2A) . Recurrent changes affecting .25% of the tumors appeared as hypomethylated in 13 bands and hypermethylated in four bands. Polymorphic and non-polymorphic sequences showed similar behavior in regard to the likelihood of change between normal and tumor, although the most recurrent hypermethylations and hypomethylations occurred in polymorphic and non-polymorphic bands, respectively (Supplementary Material, Figs S1 and S2). Isolation and sequence characterization have been performed in a subset of the tagged bands. These data are supplied in Supplementary Material (Appendix A).
DNA methylation indices in colorectal carcinomas
The DNA methylation indices were obtained from the analysis of 185 + 20 tagged bands per case (range 123 -193). Hypomethylation was more prominent than hypermethylation (P , 0.001) ( Table 1) , although a wide distribution of the hypermethylation/hypomethylation ratios was observed (Fig. 2B) . The main associations between the indices of DNA hypomethylation and hypermethylation and different 
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Human Molecular Genetics, 2005, Vol. 14, No. 2 genetic and clinicopathological parameters are summarized in Table 1 . No significant differences in the DNA methylation indices were observed regarding age (data not shown), tumor localization, p53 and K-ras mutations and MSI. However, a remarkable sexual dimorphism was observed regarding both the hypermethylation and the hypomethylation indices. The hypermethylation index was higher in tumors with distant invasion, although it did not reach statistical significance (P ¼ 0.062). Note that a strong correlation was found between the hypermethylation index and the number of hypermethylated specific gene promoters, suggesting that generalized hypermethylation equally affects sequences generated by AIMS and the promoter regions of selected genes with a putative role in carcinogenesis. Individual case results are available in Supplementary Material (Appendix B).
DNA methylation indices along the adenoma-carcinoma transition
Indices of DNA hypermethylation and hypomethylation (in reference to normal tissue) were obtained in 11 cases with paired adenoma and carcinoma. The number of tagged bands per case was 174 + 17 (range 124 -180). Carcinomas showed enhanced indices of hypermethylation when compared with adenomas (P ¼ 0.030), whereas hypomethylation was similar in both adenomas and carcinomas (Fig. 3A) . These results indicate that hypomethylation is an early event in tumor progression, whereas hypermethylation accumulates in more advanced stages. This trend is clearly illustrated in the representation of the hypermethylation/hypomethylation ratios of the adenoma-carcinoma pairs (Fig. 3B) . In regard to the methylation status of the panel of six CpG islands specifically investigated (hMLH1, APC, p16, p14, MGMT and LKB1 ) and previously reported to be hypermethylated in cancer (16), a similar number of methylated genes was observed in carcinomas (1.5 + 0.8) and adenomas (1.3 + 0.8). The methylation profile was not always coincident in the adenoma-carcinoma pairs (data not shown), suggesting the basic role of stochastic components behind the occurrence and clonal expansion of these alterations.
Profiles of DNA methylation in colorectal carcinomas
Next, we studied whether common patterns of DNA methylation could be used to classify tumors. Two-way hierarchical cluster analysis of AIMS data outlined two main groups of tumors and four main groups of tags (Fig. 4A ). As expected, the two clusters of tumors were characterized by the prevalence of either hypermethylations (cluster 1) or hypomethylations (cluster 2) ( Table 2 ). Thirty tagged bands exhibited differential behavior between the two groups of tumors: 12 tagged bands grouped as class 1 ( Fig. 4A ) showed hypermethylation in group 1 and hypomethylation or unchanged in group 2; 18 tagged bands grouped as class 2 showed hypomethylation in cluster 2 tumors and mostly unchanged in cluster 1. Bands with similar behavior in both clusters of tumors were classified as class 3 (hypermethylation) and 4 (hypomethylation). Interestingly, the two clusters of tumors displayed multiple distinctive molecular and phenotypic traits including tumor staging and specific spectra of mutations in the K-ras and p53 genes ( Table 2) . No statistically significant differences were observed for the rest of the parameters considered (data not shown).
DNA methylation indices as a prognostic factor
The indices of hypermethylation and hypomethylation were not indicators of prognosis in univariate and multivariate analyses. Cox regression analysis showed a trend for hypomethylation with poor prognosis and hypermethylation with good prognosis (data not shown), although the association was not significant. When the analysis was performed separately for the two clusters of tumors, a higher hypermethylation index was associated to good prognosis in tumors belonging to cluster 1, whereas in cluster 2, a higher hypomethylation index was associated to poor survival (Fig. 4B) . Moreover, in cluster 1, the hypermethylation index (lower 50th percentile) was an independent predictor of survival (HR ¼ 3.2, CI 95% 1.2 -8. 
DISCUSSION
Several conclusions may be drawn from the direct analysis of the raw data. Firstly, the DNA methylation pattern of the normal colonic mucosa is variable among individuals. The polymorphic nature of the band did not appear to affect its behavior in the tumor (hypomethylation or hypermethylation) and therefore we have made no distinction in the calculation of the indices, except for the age-related polymorphisms (8% of the screened CpG sites), which were excluded from further analysis. Secondly, the cancer-related changes tend to be unidirectional for each sequence: some bands preferentially show hypomethylations, whereas others display hypermethylations (Figs 2A and 4A). For most bands, a predominance of hypomethylation over hypermethylation was observed, which is in agreement with other studies (5, 17) . Note that many bands showed an erratic behavior, with hypermethylations in some tumors and hypomethylations in others. These results may be explained by the heterogeneous nature of the methylation in the sample due to allele-specific methylation (imprinting) or tissue heterogeneity (i.e. endothelial tissue may show different patterns than epithelial tissue). Therefore, the increase (or decrease) in the intensity of a band in the tumor when compared with the same preexisting band in the normal tissue sample should be interpreted as the homogenization of the methylated (or unmethylated) status rather than as a de novo methylation change.
DNA methylation indices in colorectal carcinomas
Our estimations of the overall abnormal DNA methylation in the tumor are a novel figure, and reveal the ubiquity of epigenetic alterations in colorectal neoplasia together with its wide range from tumor to tumor (7 -44% of the tagged bands). The fraction of hypermethylated CpG sites in colorectal adenomas and carcinomas when compared with normal tissue (10% of the screened sequences) is in the same range as data reported by using CpG island array approaches in different types of human tumors (10, 11) . The hypermethylation index was associated with the number of methylated gene promoters analyzed by MSP (Table 1) . Therefore, we can postulate that both the sequences represented in AIMS fingerprints and the genes selected because of their putative role in tumorigenesis display a common signature of the same process. In this sense, the AIMS approach has been recently used successfully to identify new hypermethylated genes in colon cancer (13) . Regarding overall hypomethylation, most of the data in the literature have been generated by determination of the 5dC content in the genome. Note that the reported demethylation levels in colorectal neoplasia (4,18 -21) are in similar ranges as our estimations, suggesting that the AIMS fingerprints are also representative of the genomic global methylation status. The sexual dimorphism in the DNA methylation profile has been noted previously in the analysis of specific CpG islands, with higher frequencies of hypermethylation at specific loci in women (22, 23) . Conversely, we also report that hypomethylation is higher in men (Table 1) . We have no clues on the causes and possible implications of the gender-specific differences, but they deserve further investigation.
As a whole, the indices of hypermethylation and hypomethylation displayed a continuous distribution and did not appear to differentiate subgroups of tumors with distinctive features. The CpG island methylator phenotype described by Toyota et al. (24) was not foreseen from our data. We also did not find the reported correlations between hypermethylation and right localization, MSI and K-ras mutations (22, 24, 25) . The significance of this classification should be revised under the light of recent studies (26, 27) , whose conclusions are supported by our results.
DNA methylation changes along tumor progression
The comparison of the methylation profiles between adenomas and carcinomas has confirmed that hypomethylation is an early event in colorectal cancer (4, 18, 21, 28) , whereas cumulated hypermethylation is more prominent in carcinomas. The trend to accumulate methylations is also exhibited in carcinoma progression, where advanced Dukes' stages showed higher levels than early stages (Table 1) . These trends are not clearly reflected in the methylation of specific CpG islands, although in most cases the number of hypermethylated CpG islands tends to be higher in carcinomas than in adenomas (our data) (21, 24) and in high grade tumors (22) . In any case, the hypermethylation profile of concurrent adenomas and carcinomas is fluctuating and probably reflects the concomitant implication of multiple factors including heterogeneity and the diversity of markers analyzed. Because we are simultaneously detecting two opposite phenomena (hypermethylation and hypomethylation) in the same experiment, an apparent inverse correlation is obtained between the two indices of hypomethylation and hypermethylation; this result may indicate the alternative prevalence of one of the two converse processes in a group of tumors (the tails of the distribution). Nevertheless, the presence of both types of changes in all the tumors and the continuity of the hypermethylation/hypomethylation ratio distribution (Fig. 2B) suggests that gains and losses of DNA methylation are governed by different mechanisms and selective pressures and are therefore independent. Other studies have also noted the independent contribution of both processes to tumorigenesis in colorectal (21) and Wilms tumors (29) .
Profiles of DNA methylation associate with molecular and clinicopathological features
We have defined groups of carcinomas by hierarchical clustering of the AIMS profiles. Tree-type classification of the tumors delineated two main branches that came up from the differential methylation of 30 tags. Tumors in each group showed, in addition to predictable differences in the hypermethylation/hypomethylation ratio, striking differences in the mutation profile of the K-ras and p53 genes. The hypermethylated tumors showed almost exclusively transition mutations (G.A) at codons 12 and 13 of the K-ras gene ( Table 2 ). The association of MGMT promoter methylation with G.A transitions in the K-ras gene has been previously reported (30 -32) . In our series, the MGMT gene was also more frequently methylated in cluster 1 (39%) than in cluster 2 (22%), but differences did not reach statistical significance (P ¼ 0.099). Hence, our data expand the association between the type of mutation in the K-ras gene and the methylation of MGMT promoter to a specific DNA methylation signature characterized by extensive hypermethylations. Preceding findings also sustain a relationship between the DNA methylation profile and the spectrum of mutations in the p53 gene. Transitions at non-CpG sites (more frequent in cluster 1) have also been linked to MGMT promoter hypermethylation (31, 33, 34) . In addition, the prevalence of transitions at CpG sites in hypomethylating tumors suggests that endogenous mechanisms (called as defective repair of spontaneously deamynated 5mC) are likely to play a major role in p53 mutagenesis in this group of tumors (35 -38) . Although our results are insufficient to sustain a categorization of tumors based on their DNA methylation profiles, the distinctive molecular associations here reported strongly support the involvement of hypomethylation and hypermethylation in alternative processes related to malignant transformation.
This analysis also provides a list of candidate targets showing generalized hypermethylations (Fig. 4 , bands of class 3) or hypomethylations (bands of class 4), together with targets selectively affected in one or another cluster of tumors (classes 1 and 2). Ongoing studies in our laboratory are focused on the characterization and functional analysis of different recurrent alterations with a potential specific involvement in colorectal carcinogenesis.
DNA methylation and survival
To our knowledge, this is the first study investigating the prognostic value of global hypomethylation and hypermethylation in colorectal cancer. Although none of the indices of differential DNA methylation appears to have prognostic utility in itself, the alternative association of the hypermethylation and hypomethylation indices with patient outcome in each one of the clusters is consistent with the independent roles of hypermethylation and hypomethylation in tumor initiation and progression (39) . The attainment of high levels of hypomethylation already in premalignant lesions together with its maintenance throughout tumor progression (18, 21) suggests that this factor may play a key role in conferring the malignant potential since early stages.
In summary, the interplay of DNA hypermethylation and hypomethylation demonstrates two independent roles with significant associations with molecular and clinicopathological parameters in colorectal cancer. Characterization of DNA methylation signatures in tumors should be instrumental not only in the identification of markers with a potential applicability in diagnosis and prognosis, but also in the definition of the pathways of progression. Further studies should clarify the implications of genetic and epigenetic profiles in tumor management and treatment. 
MATERIALS AND METHODS
Samples
A total of 98 colorectal carcinomas, with their paired nonadjacent areas of normal colonic mucosa, and 11 colorectal adenomas, synchronous with carcinomas included in the former series, were collected as fresh-frozen tissues within 2 h of removal and then stored at 2808C. All samples were obtained from the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain). The study protocol was approved by the Ethics Committee. Colorectal carcinomas used in this study were characterized previously for microsatellite instability (MSI) (40) , mutations in the p53 and K-ras genes (41) , and the methylation status of the promoter region of the genes hMLH1, APC, p16, p14, MGMT and LKB1 by methylationspecific PCR (MSP) (19) . Detailed individual data are available in Supplementary Material (Appendix B).
Analysis of differential DNA methylation by AIMS
AIMS method is based on the differential cleavage of isoschizomers with distinct methylation sensitivity and the selective amplification of the sequences flanked by two methylated SmaI (CCCGGG) sites that are ligated to an adaptor and a specific 3 -4 nucleotide sequence (adjacent to the SmaI site) arbitrarily chosen by the investigator. Lack of methylation at either site prevents amplification of the band. A detailed description of the method may be found in Frigola et al. (12) . All samples were analyzed in three independent AIMS experiments with different primer sets (sets A, B and C) using conditions previously described (12) . In a preceding setting, four normal -tumor pairs were analyzed in quadruplicate to assess reproducibility of all three AIMS experiments. Only sharp bands that were reproducible and clearly distinguishable from the background were tagged and assessed for differential methylation in all the samples. Faint bands with inconsistent display due to small variations in gel electrophoresis quality were not included in the analysis. Double bands consisting of two strands of the same sequence where considered as a single tagged band. Because of the polymorphic display of some bands in the normal mucosa, we have defined three different types of bands according to their nature: non-polymorphic (bands present in all normal tissues), low polymorphic (present in .90% of the samples) and finally, high polymorphic (present in ,90% of the samples). Referring to the last type, we studied a putative correlation with age. Tagged bands showing an age-related display in the normal tissue were not used for the calculation of indices of hypermethylation and hypomethylation in the tumor when compared with the normal tissue.
Tagged bands behavior
Differences in the intensity of tagged bands between the tumor and its paired normal tissue were ascertained by direct visual inspection of the film. Densitometric analysis was performed in a limited subset of experiments to validate band intensity differences (data not shown), but was considered unnecessary in normal -tumor comparisons as only clear changes were taken into account and considered as qualitative events.
Therefore, a 'behavior' could be scored for all tagged bands in every comparison between the normal and the tumor. Three different behaviors were defined: 'hypermethylation' (increased intensity in the tumor), 'hypomethylation' (decreased intensity in the tumor) and 'no change' (no substantial differences of intensity). Selected DNA methylation changes detected by AIMS have been confirmed by bisulfite sequencing (12,13) (unpublished data).
DNA methylation indices
Indices of hypomethylation and hypermethylation in the tumor were calculated as the number of hypomethylated and hypermethylated tagged bands in the tumor (when compared to the normal pair) divided by the total number of tagged bands considered. A third index reflecting the sum of both indices (differential methylation index) was also calculated.
Statistical analysis
All results are expressed as mean + SD. Statistical differences between variables were analyzed with unpaired/paired t-tests or analysis of variance (ANOVA), as appropriate. Contingency tables were analyzed by the Chi-square or Fisher's exact test. Survival curves were traced according to the Kaplan -Meier method using the 50th percentile as cutoff for groups of low and high indices of abnormal DNA methylation. The statistical significance between curves was tested using the log-rank test. Univariate and multivariate analyses were performed using Cox's proportional hazards model. Hazard ratios and their 95% confidence interval (CI) were derived from Cox's proportional models. All P-values are calculated from two-sided statistical tests. Hierarchical clustering using Euclidean distance between observations and complete linkage as agglomeration method was performed to analyze the presence of subsets of tumors with comparable patterns of methylation changes. Only tags with differential methylation in .25% of the tumors were included in cluster analysis.
